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Abstract 
We report, for the first time, that the number of nuclei with opposite handedness to seed is directly 
related to the amount of scraping generated between baffle edge and wall surface in an oscillatory 
baffled crystalliser (OBC) and reaches an asymptotical maximum of 43.4 %, when primary nucleation 
events due to scraping dominate over secondary nucleation by seeding in a daylong operation. The 6.6 
% shortfall to the theoretical symmetry of 50 %:50 % of dextrorotatory to laevorotatory crystals could 
be a quantitative indication of the remaining effect of secondary nucleation. We examine the effect of 
scraping durations at a fixed seeding time and the effect of seeding times at a fixed oscillation period 
on chiral symmetry. Based on our experimental data, the rate of primary nucleation events due to 
scraping and the rate of secondary nucleation due to seeding are evaluated. We show that the relative 
importance of primary to secondary nucleation in seeded cooling crystallisation of sodium chlorate can 
be varied by the amount of scrapping in the OBC.  
 
Introduction 
Mirror symmetry exists extensively in nature from elementary particles to large biological molecules and 
understanding how biological molecules exist only as one of the two mirror enantiomers (e.g. left-
handed amino acids, right-handed sugars) has attracted intense interest since the 19th Century. In 1898, 
Kipping and Pope1 measured the handedness of 3,137 sodium chlorate crystals from 46 separate 
crystallisation tests and showed 50.08 %:49.92 % of dextrorotatory (R) to laevorotatory (L) crystals. 
This was well within the statistical error of the unbiased 50 %:50 % distribution they anticipated. 
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Kondepudi et al.2 repeated the work of Kipping and Pope and obtained equal numbers of left- and right-
handed crystals in evaporation crystallisation of sodium chlorate through a non-stirred spontaneous 
nucleation. On the introduction of stirring at 100 rpm, however, >99 % of crystals displayed a single 
enantiomorphism. They explained that this chiral symmetry breaking on stirring was due to secondary 
nucleation in which a “mother crystal” was struck by the stirrer to clone secondary nuclei that have the 
same chirality as their “mother”. Total symmetry breaking achieved in massive instantaneous primary 
nucleation was revealed by Viedma,3 broadened the mechanism proposed by Kondepudi et al.2, 4, 5 in 
that the real chiral symmetry breaking occurs in the first steps of the primary nucleation, whereas 
secondary nucleation only amplifies the symmetry breaking, known as Viedma ripening. This effect has 
also been observed for molten crystallisation.6 Further studies have demonstrated that chiral symmetry 
breaking can be achieved by grinding and abrasive motions between glass balls and nuclei7 , ultrasonic 
fields8, 9 , lasers10, 11 , cavitation12 , temperature gradients under boiling13 , the presence of a co-solute 
or other additives14-17 and heating-cooling cycles.18, 19 
 
Callahan and Ni (2012)20, 21 repeated the work of Denk and Botsaris (1972)22 in seeded cooling 
crystallisation of sodium chlorate at a fixed supercooling of 1 °C in both a stirred tank crystalliser (STC) 
and an oscillatory baffled crystalliser (OBC); mixing in the latter is generated by moving a set of orifice 
baffles up and down the column.23 They obtained the same results in the STC where 100 % of crystals 
displayed a single enantiomorphism when seeded with either a L or R crystal, however, 10 - 20 % of 
crystals with the opposite handedness were identified when the same tests were repeated in the OBC. 
Callahan and Ni credited this finding to primary nucleation that took place during scraping between the 
outer edges of the baffles and the inner surface of the column wall; local hot spots were generated, 
leading to local higher supersaturation and the birth of R nuclei when seeded with L crystal and vice 
versa.20, 21 By removing the scraping in the OBC and by adding the scraping in the STC, their results 
verified that scraping was the sole source for the primary nucleation of the opposite handedness. 
However, they did not explore how the number of nuclei could be related to the number scratches: this 
is the objective of this work. Any correlation between the number of nuclei and the amount of scarping 
would add significant scientific insight into this matter, allowing either prevention (if it is to be avoided, 
e.g. where chirality is an issue24) or utilization (when scraping could be the means of generating regular 
and quantifiable nuclei). From an operational viewpoint, encouraging or discouraging baffle scraping 
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against the wall of the crystalliser is an easy parameter to manipulate and requires no additional 
equipment or compounds. 
 
Experimental and Analytical Methods 
Reagents 
Laboratory-grade sodium chlorate (99+ % purity) was sourced from Fischer Scientific UK; distilled water 
from in-house. Seed crystals were prepared in the same way as that described in other work.20, 21 
 
Apparatus  
The OBC (shown in Figure 1) was made up of a jacketed-glass column of an internal diameter of 52 
mm and a height of 280 mm, supported on a metal frame. The working volume was 250 mL. The baffle 
string consisted of 3 PTFE baffles (outer diameter 52 mm, orifice diameter 24 mm, orifice thickness 3 
mm and baffle spacing 70 mm), of which only 2 baffles were submerged during operation. Heating and 
cooling to the OBC were controlled by a water bath (Neslab RTE 100). A polarimeter (details of which 
are described elsewhere20, 21) was used to distinguish between the two handedness of crystals, as they 
interact with polarised light differently. 
 
 
Figure 1: Schematic of the OBC 
 
Linear motor 
Baffles 
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Experimental Procedure 
Using published solubility data,25 Table 1 lists the mass of sodium chlorate and the volume of water 
needed to prepare a saturated solution at 31 °C. The required materials were added to the OBC and 
held at 40 °C for 30 minutes under agitation (0.4 Hz, 35 mm) until full dissolution had been achieved. 
The solution was then hot-filtered (Whatman glass fibre filters Grade GF/C) at 40 °C in a control box to 
remove any foreign particles. The filtrate was returned to the OBC at 40 °C and then cooled to 30 °C at 
a rate of about 1 °C min-1. Once a temperature of 30 °C had been attained, it was maintained throughout 
the experiment, ensuring 1 °C supercooling for all experiments. A single washed seed crystal (2 – 4 
mm) of known-handedness was suspended in the OBC by a thread. At the same time, oscillatory mixing 
was applied. In the work of Callahan and Ni, the duration of 3 minutes was used for both seed and 
mixing. In order to explore any relationship between scraping and the number of nuclei, we tested 
various durations as given in Table 2 while keeping the same oscillation condition (0.4 Hz, 35 mm). 
Each test was carried out 3 times to ensure good reproducibility. 
 
Table 1: Amounts of reagents required to prepare a saturated solution at 31 °C 
TSat (°C) 
Concentration (g 
NaClO3 / 100 mL 
saturated solution) 
Density (kg/m3) Mass of NaClO3 (g) 
Volume of water 
(mL) 
31 73.79 1435 192 184 
 
Table 2: Summary of experimental conditions 
Run Seeding time (min) Mixing time (min) 
1 3 3 
2 12 12 
3 30 30 
4* 720 720 
 *Only one run was done at this condition 
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After the allotted time, the seed crystal was removed and the mixing was stopped at the same time.  
The contents in the OBC were then left overnight to grow, before being vacuum filtered (Whatman 
Grade 1) and washed twice with distilled water. The recovered crystals were dried overnight at 60 °C. 
Table 3 provides the information on the product crystals with a yield of about 10 % for 1 °C supercooling. 
After experiments, the OBC was washed at 60 °C with detergent and rinsed 3 times with hot water to 
remove any dust or residual sodium chlorate; was then ready for the next run. The selected dry crystals 
were manually analysed for handedness using the polarimeter. Because of its time-consuming nature, 
only a 5 % sample was analysed. 
 
Table 3: Information on product crystals 
Product 
Crystal Yield 
Number of Product 
Crystals 
Mass of Product 
Crystals 
Number of Product 
Crystals Analysed 
Mass of Product 
Crystals Analysed 
~ 10 % ~ 4,000 ~ 18 g ~ 200 ~ 0.9 g 
 
Results and Discussions 
Equal durations of seeding and scraping 
The benchmark experiments by Callahan and Ni (2012) showed that 100 % of the product crystals were 
of the same handedness as the seed in the absence of mixing (scraping) in the OBC; deviations from 
100 % handedness to the seed crystal were noted when the durations of 3 mins were used for both 
seeding and mixing in the OBC, outlining the clear influence of scraping. A comparison of our work with 
the benchmarking data is given in Table 4. We see that the number of crystals of the opposite 
handedness to the seed increases as the durations of both seeding and mixing are lengthened for both 
L and R seeds, indicating more primary nucleation events were generated by scraping and a minimum 
value of 56.6 % similarity to seed was reached over 12 hrs. Noted that there was a slight difference in 
data between the benchmarking and ours, which is likely due to a larger diameter OBC used in our 
work. 
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Table 4: Product crystals similar to either R- or L-handed seed (xo = 35 mm, f = 0.4 Hz) 
Test 
3 mins of 
seeding and 
mixing [16] 
3 mins of 
seeding and 
mixing 
12 mins of 
seeding and 
mixing 
30 mins of 
seeding and 
mixing 
720 mins of 
seeding and 
mixing 
Similarity to seed with a 
R seed (%) 
94.2 ± 1.8 92.5 ± 5.3 70.3 ± 0.7 61.1 ± 2.1  
Rate of primary 
nucleation event for L 
crystal (/min) 
 2.50 2.48 1.30  
Similarity to seed with a 
L seed (%) 
94.3 ± 0.6 85.7 ± 1.9 73.7 ± 2.4 65.2 ± 1.5 56.6 
Rate of primary 
nucleation event for R 
crystal (/min) 
 4.77 2.19 1.16  
 
The number of scratches the baffles make against the OBC wall can be quantified using 
 𝑁𝑆𝑐𝑟𝑎𝑡𝑐ℎ𝑒𝑠 = 𝑓 ∗ 𝑁𝑏 ∗ 𝑡         (1) 
Where f is the oscillation frequency (Hz), Nb is the number of submerged baffles (= 2 for this work) and 
t (s) is the mixing time. Figure 2 plots the percentage of products crystals of the same handedness as 
the seed as a function of Nscratches. We see that product crystals of seed-similarity decreases 
exponentially with the number of scratches, approaching 56.6 % asymptotically, where primary 
nucleation is dominating over secondary nucleation; the 6.6 % above the theoretical symmetrical value 
of 50 % could be the remains of the secondary nucleation effect. 
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Figure 2: Comparison of product crystal handedness to the seed crystal varies with the number of scratches 
 
The general form can be represented by: 
  %𝑆𝑖𝑚𝑖𝑙𝑎𝑟𝑖𝑡𝑦 =  𝑀𝑖𝑛𝑇 + (1 − 𝑀𝑖𝑛𝑇) ∗ exp (−𝛽 ∗ 𝑁𝑆𝑐𝑟𝑎𝑡𝑐ℎ𝑒𝑠)      (2) 
Where MinT is the theoretical minimum seed-similarity (= 0.5), β is a constant ( 0.002 here) whose 
value depends on the specific conditions and Nsractches is the number of scratches.  
 
In cooling crystallisation of sodium chlorate in the absence of baffle-scrapping, we have a pot 
containing X g of solids in Y ml of liquid, where the solid is assumed to have a 50:50 split of R and L 
forms. When a L seed crystal is introduced, this not only encourages L crystals to form and grow, but 
also suppresses the generation of R crystals, and vice versa, due to various autocatalytic and 
amplification mechanisms aforementioned.2-4, 26  
 
With the presence of baffle scraping against the vessel wall, local high temperatures, in turn, local 
high supersaturation generated nuclei of opposite handedness to seed. There are likely two 
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autocatalytic processes present: one with the seed (secondary) and one with scraping (primary). When 
the seed crystal was first introduced to the batch, secondary nucleation dominated; the rate of primary 
nucleation was low with no or few scratches, leading to majority of product crystals of seed-similarity. 
This agrees with previous work.2, 27 As the number of scratches increases, primary nucleation and its 
autocatalytic effect was now amplified by scraping.3, 28, 29 Normally, the secondary mechanism 
supresses the primary one, because the energy barrier for the former is much lower.30 However, in the 
presence of regular isolated regions of high supersaturation, as in the case of baffle-scrapping, primary 
nucleation occurred earlier at higher local temperatures (hence at higher rates) than that of secondary 
nucleation, and gradually outcompeted the secondary, as the rate of primary nucleation is proportional 
to the exponential of the supersaturation squared.31 While the energy barrier (i.e. the solubility) is the 
same for both R and L crystals, scraping should in theory generate equal amounts of R and L-nuclei in 
the seeded environment. If this was the case, the opposite nuclei would have been suppressed due to 
the increased total number of nuclei similar to seed (= seed + nuclei of seed-similarity). As there are no 
other sources, mechanisms or driving forces in the crystalliser, our data imply that nuclei of rebellion to 
seed could only be generated by scraping. While the reason for this is still unclear, our work on non-
chiral compounds (urea, adipic acid, salicylic acid, glutamic acid and acetaminophen) bear the same 
essential phenomena, i.e. the higher nucleation temperatures with scraping; local high supersaturation 
seems favouring for nuclei of opposite handedness for this compound. 
 
At a fixed 1 °C supercooling and the same experimental conditions, the overall number of crystals 
produced did not vary significantly, nor did the yield, because of the low degree of supersaturation. 
Although it is difficult to determine the exact number of primary nucleation events which had occurred, 
we assume that the scrapping efficiency was constant and each scrape had an equal likelihood of 
contributing to a nucleation event (a similar concept to that used for bubble-induced nucleation32, 33). 
For simplicity, we relate the percentage of product crystals of opposite handedness to seed directly to 
the number of primary nucleation events occurred, in this way, the maximum potential rate of primary 
nucleation events due to scraping can be evaluated (see Table 4), which provides the purpose of 
indication and proportionality. We see that the rates are higher for shorter than longer durations; there 
is a big difference in the rates between L and R nuclei initially, which diminishes with the increase of 
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scraping. This resembles the statistics of tossing a coin, the differences between heads and tails are 
high initially, and gradually approaches equal probability when the number of tosses increases. 
 
Effect of scraping duration 
Further data reported in Table-5 show the effect of scraping duration on chiral symmetry when the seed 
was removed after 3 minutes in each case. Once again we see that the role of secondary nucleation 
was initially dominant28, 34 and was then supressed once the primary nucleation had become a regular 
event; product crystals of a lower seed similarity were obtained when scraping was continued for further 
9 and 27 minutes after the seed had removed. Based on the previous assumptions, the relative 
importance of primary nucleation rate by scratches (rP) over secondary nucleation rate by seed (rS) can 
directly be captured by the number of scratches as: 
 
𝑟𝑃
𝑟𝑆⁄ =  𝑚 ∗ 𝑁𝑆𝑐𝑟𝑎𝑡𝑐ℎ𝑒𝑠           (4) 
Where m is the proportionality constant. The relative importance between the rate of primary and 
secondary events is given in Table 5 together with the rate of primary nucleation events per scratch (or 
equally the number of scratches required to generate one primary nucleation event). The relative 
importance increases with the duration of scraping, indicating even more dominate effect of primary 
nucleation events by scraping. During the first 3 mins, the efficiency of generating primary nucleation 
by scraping is much higher, i.e. requiring fewer scratches to generate one primary nucleation; 
decreases when the number of scratches increases and the local high temperature areas become 
consistent. 
 
Table-5: The effect of scraping duration on chirality of product crystal (left handed seed) 
Number of scratches 
Product 
crystals of 
seed-
similarity (%) 
Rate of 
primary 
nucleation 
event 
(/scratch) 
Scratches 
required for 
one primary 
nucleation 
event 
Relative 
importance 
of primary to 
secondary  
rP/rS 
3 mins seeding and 3 mins mixing 
(144 scratches) 
85.7 0.099 10.1 0.17 
3 mins seeding and 12 mins 
mixing (576 scratches) 
66.7 0.058 17.2 0.50 
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3 mins seeding and 30 mins 
mixing (1,440 scratches) 
52.8 0.033 30.3 0.89 
 
Effect of seeding duration 
Table 6 compares the effect of seeding duration on the chiral symmetry. The extra 9 and 27 minutes of 
seeding increases, on one hand, the product crystals of seed-similarity by about 10% and 24% 
respectively. On the other hand, the rate of secondary nucleation event decreases from 0.78 to 0.47 
/min, suggesting that increasing the duration of seeding under scraping is less efficient in promoting 
secondary nucleation, or in other words, primary nucleation by scarping soon prevails.  
 
Table-6: The effect of duration of scraping on chirality of product crystal (left-handed seed) 
 (xo = 35 mm, f = 0.4 Hz) 
Investigated Parameter 
Product crystals of 
seed-similarity (%) 
Increased rate of 
secondary nucleation 
event due to longer 
seeding duration (/min) 
3 mins seeding and 12 mins mixing 
(576 scratches) 
66.7 
0.78 
12 mins seeding and 12 mins 
mixing (576 scratches) 
73.7 
3 mins seeding and 30 mins mixing 
(1,440 scratches) 
52.8 
0.47 
30 mins seeding and 30 mins 
mixing (1,440 scratches) 
65.5 
 
Conclusions 
We have reported, for the first time, that the number of seed-similar nuclei in cooling crystallisation of 
sodium chlorate is affected by the number of scraping in the OBC and decays to a minimum when the 
number of scratches increases. For equal durations of seeding and mixing, the asymptotical minimum 
of 56.6 % product crystal similar to seed after a daylong operation indicates the dominance of primary 
nucleation events due to scraping over secondary nucleation by seeding and provides a quantitative 
measure for the remaining effect of secondary nucleation over and above the theoretical symmetry of 
50 %:50 %. Increasing the duration of scraping at a fixed seeding time promotes further primary 
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nucleation, however, the number of scratches required to generate one nucleation event also increases. 
Increasing the duration of seeding at a fixed time of scraping improves secondary nucleation, but not 
as much as that by primary nucleation. Although the reason why scraping only generates nuclei of 
opposite handedness is unclear, we are able, based on the experimental data, to postulate the rates of 
primary and secondary nucleation events; and demonstrate that the relative importance of primary to 
secondary nucleation in the cooling crystallisation of sodium chlorate can be varied by the amount of 
scrapping in the OBC.  
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